Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen The Journal of Chemical Physics 90, 1007 (1998); 10.1063/1.456153 CONJUGATION OF PHENYL RADICALS 1433 provided comparisons are made only between closely related compounds. This observation suggests that the central atom is strongly involved in the transition concerned. Although the data presented here are insufficient to make a decision on this point, it is not unlikely that the end absorption corresponds to a dissociation process, as Milazzo has proposed. 7
INTRODUCTION
O NE of the recent successes achieved by quantum mechanics in the field of physical organic chemistry is the development of the theory in explaining the orienting effect of substituents in aromatic molecules. The quantitative treatments of this problem so far reported may be roughly classified into two groups. The one,l which may be called the "static method," is based on the hypothesis that the position of higher (or lower) calculated density of total 7r electrons is more easily attacked by electrophilic (or nucleophilic) reagents. The other,2 which may be called the "localiza-L. Pauling, J. Am. Chern. Soc. 57, 2086 ; T. Ri, Rev. Phys. Chern. Japan 17, 1, 16 (1943) (in Japanese); M. J. S. Dewar, Trans. Faraday Soc. 42, 764 (1946) ; H. C. Longuet-Higgins and C. A. Coulson, Trans. Faraday Soc. 43, 87 (1947) ; C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. (London) A191, 39; A192, 16 (1947) ; A. Pullman, Rev. sci. 86, 219 (1948) ; A. Pullman and J. Metzger, Bull. soc. chim. France 1948 , 1021 (1948 ; H. C.
Longuet-Higgins and C. A. Coulson, J. Chern. Soc. (London) 1949 , 971 (1949 ; C. Sandorfy, Bull. soc. chim. France 1949 ,615 (1949 ; H. C. Longuet-Higgins, J. Chern. Phys. 18, 283 (1950) ; Orgel, Cottrel, Dick, and Sutton, Trans. Faraday Soc. 47, 113 (1951) ; J.-I. F. Alonso, Compt. rend. 233, 403 (1951) ; L. SzabO, Compt. rend. 233, 625 (1951). tion method," is related to the calculation of the difference in unsaturation energy of the hypothetical transition complexes.
Prominence of the latter method should be admitted in that it is capable of explaining the reactivity in all the three types, i.e., electrophilic, nucleophilic, and radical type, of substitution from a unified standpoint, whereas by means of the former method it is difficult to account for the point of attack in the radical substitution, and in this respect the "free valency method"5 serves as filling up that defect of the static method.
In this paper it is shown that another unifying method can also be established on the basis of the '' frontier electron" concept which has been previously introduced by some of the present authors in the case of electrophilic substitution in condensed aromatic hydrocarbons. a On treating the orientation problem in substituted atomatic and other related molecules, it is found that the concept should naturally be extended in the sense that the frontier orbitals are specified according to the type of reaction. Thus, we are led to set up the fundamental postulates, in the light of which the position of attack by electrophilic, nucleophilic, and radical reagents can be predicted not only for substitution but also for addition in an excellent agreement with experiment. 
;!: -0---*-::: 
FUNDAMENTAL POSTULATES
As a general characteristic of chemical activation it may be assumed that in the vicinity to the transition state the electrons in the reagent as well as those in the reactant molecule will be delocalized and a transfer of electrons will occur between the reagent and the reactant. From the standpoint of the frontier electron concept we suppose that the frontiers are most susceptible to the electron transfer and that this transfer of electrons, which may serve to lower the energy of the activated complex, will form the essential part of the electronic interaction in question. Two electrons should be characterized in this connection as frontiers in that they are most closely related to the formation of a covalent u bond between the 1r-electron system and the reagent, and these two are provided either from the highest occupied orbital in the 1r-electron system to the reagent in an electrophilic reaction, or from the reagent to the lowest empty orbital in the 1r-electron system in a nucleophilic reaction, and in a radical reaction one electron is provided from the reagent and the other from the 1r-electron system.
From this point of view, in order to make reference to the reactivity in terms of the electron distribution in an isolated 1r-electron system, it is convenient to define a new concept of frontier orbital in relation to the isolated 1r-electron system as characterized by partial occupation by the frontier electron in case of the electron transfer at the transition state, according to the type of reaction.
On the basis of these considerations, the following fundamental postulates are set up, which enable us to predict the reactivity of 1r-electron system in a most general and consistent manner: As a consequence of these postulates we can classify the frontier electrons and orbitals for various types of reactants and reagents, which is illustrated in Fig. 1 , including the cases of even and odd 1r-electron systems. In the latter case where the 1r-electron system is a radical, the above postulates should be somewhat modified as shown in Fig. 1 (b) . Also in the case of an excited state of the 1r-electron system, e.g., in the case of a diradical state, the principle involved in the postulates may be correspondingly applicable.
ELECTROPHILIC SUBSTITUTION Substitution in Heterocyclic Compounds
For the quantum-mechanical treatment of reactivity in heterocyclic compounds several parameters representing the influence of heteroatom as to the Coulomb and exchange integrals have been introduced by several authorsl,2 from some empirical or theoretical arguments.
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. These parameters are tabulated in Table I together with those which are adopted by the present authors.* The calculated densities of frontier electrons in pyridine, quinoline, isoquinoline, acridine, pyrrole, indole, carbazole, isoindole, and indolizine are indicated in Fig. 2 , and the reaction products of halogenation, nitration, and sulfonation are tabulated in Table II . The agreement between calculated and experimental results is almost satisfactory.
Nuclear Substitution in Benzene Derivatives
In this paragraph the object of calculation is restricted to mono-substituted benzenes.t The twofold degeneracy of frontier orbitals in nonsubstituted benzene is removed by the influence of the substituent. If the perturbation is small, two separate orbitals, the corresponding energies of which are in close proximity, are produced as the result of the removal of degeneracy. In such a case, the contribution of the density of electrons in the lower orbital must be taken into account in the calculation of the frontier electron density.
In order to evaluate the degree of contribution of the lower orbital the following Eq. (1) is assumed as giving the frontier electron density for the electrophilic reaction at the rth atom in the molecule f/ E ) :
fr(E)=2·
, ( 1 ) 1+e-DdA where <1;\ is the energy difference between the two orbitals in units of {3 and C r (1), Cr (2) are the coefficients of LCAO MO at the rth atom corresponding to the highest and the next orbital respectively, and D is a constant which determines the degree of contribution of the lower MO to the frontier electron density. Throughout the present papert the value of D is taken, tenta-* As it is intended in the present paper to examine the general validity of the frontier electron theory using the smallest number of uncertain parameters, the effect of the heteroatom on the Coulomb integral of the adjacent carbon atom is neglected, as is shown in Table I. t Also in nucleophilic or radical reaction, the equation similar to tively, to be 3 in consideration of the complete agreement between calculation and experiment which has been obtained 3 in aromatic hydrocarbons without considering the contribution of the next orbital.
In regard to LCAO MO treatment, mono-substituted benzenes are classified into several types of isoaromatic § hydrocarbon, that is, benzene type, benzyl anion type, styrene type, and 2-phenylpropenyl anion type (Fig. 3) , and other types. 
Benzene Type
3-NO,o 3-Brh a H. J. Den Hertog and J. P. Wibaut. Rec. trav. chim. 51. 382. 940 (1932) . b W. La Coste. Ber. deut. chern. Ges. 18. 781 (1885) . , G. Mazzara and A. Borgo. Gaz. chim. ita!. 35 II. 20 (1905) . d G. Mazzara and A. Borgo. Gaz. chim. ita!. 35 I. 477 (1905) . , G. Mazzara and A. Borgo. Gaz. chim. ita!. 35 II. 536 (1905) . f H. Pauly and K. Gunderman. Ber. deut. chern. Ges. 41. 4006 (1908) . g Mazzara. Lamberti. and Zanardi. Gaz. chim. ital. 26 II. 238 (1896) . h W. Vaubel. Z. angew. Chern. 14. 784 (1901) . , P. Schorigin and A. Toptschiew. Ber. deut. chern. Ges. 69.1874 . i W. Koenigs. Ber. deut. chern. Ges. 12. 449 (1879 Chern. 158. 275 (1871) . m K. Lehmsteat. Ber. deut. chern. Ges. 65. 834 (1924) . h F. Angelico and G. Velardi. Gaz. chim. ita!. 34 II. 60 (1904) . o H. Lindemann. Ber. deut. chern. Ges. 57. 557 (1924) . pO. Fischer. Ber. deut. chern. Ges. 15. 62 (1882) . q A. Kaufmann and H. Hiissig. Ber. deut. chern. Ges. 41.1735 (1908 . Eq . (1) is necessary, if any orbital lies in close proximity to the frontier orbitals. § See H. C. Longuet-Higgins, J. Chern. Phys. 18, 283 (1950 in which aT is the Coulomb integral at the rth carbon atom (in Fig. 3 ). The parameter a is negative for the substituent which repells the (]" electrons in the X -C (]" bond, and positive for the substituent which attracts the (]" electrons. The parameter E, which represents the diminishing factor of the inductive effect, is taken here to be zero. I I In Fig. 4 In Fig. 5 , the calculated frontier electron densities are plotted for various values of a and b. In halogenobenzenes, phenol, and aniline, the values of a are assumed to be positive and small, so that, as is shown in Fig. 5 (b) , the substituents are ortho-para directing.
The reactivity of toluene has been hitherto understood by considering the hyperconjugationtt or, otherwise, the purely inductive effect.tt In consideration of the possible contribution of the structure " For some appropriate values of E which are not equal to zero the calculation is also carried out, but the results remain unchanged as to whether ortho-para directing or meta-directing effect is concluded.
~ We reserve here the detailed discussions on the problem of o:p ratio, as it seems hopeless to expect any valuable result, having neither sufficient knowledge for determining the exact values of a and E nor a quantitative method of taking into account the influence of steric factors. ** According to Sandorfy (reference 1), Dewar (reference 2), and Jaffe U. Chern. Phys. 20, 279 (1952) J, the relation between a and b is represented by a= Eb, but it may not always be necessary to adhere to this relation when, as in this case, phenolate ion and other anions are also included in the benzyl anion type. to the electronic state, it seems reasonable that toluene may be put into the class of benzyl anion type, where b is taken to be a large positive value and a a small negative value. § §
Styrene Type
Molecules which have the following substituents belong to this type:
In this type another similar parameter c in addition to a and b in Eq. (3), is considered concerning the sidechain atom C 8 • The calculated results are shown in Fig. 6. If a~O and b, c«1 , the substituent is ortho-para directing, and when a~O and c> 1, it is meta-directing. In Fig. 6 (a) the frontier electron density at C8 atom in styrene is seen to be very large in conformity with the high reactivity of w position of that compound.
2-Phenyl-propenyl Anion Type
Nitrobenzene, benzoate anion, benzoic esters, etc., belong to this type, and parameters a, b, d, and d' are adopted relating to the CJ, C7, C 8 , and C 9 atom, respectively. Calculated result for nitrobenzene is shown in Fig. 6(c) .
Other Types
Diphenyl, stilbene, azobenzene, etc., belong to none of the above four types. These conjugated systems may be treated separately without classification. Calculated frontier electron densities for some of these molecules are shown in Fig. 6(d) , (e), and (f).
Substitution in Substituted Condensed Aromatics
It is, in principle, possible to apply here the same method as used in the case of substituted benzenes,111I but this requires rather tedious calculations. Here we make use of a simplification similar to that adopted by Longuet-Higgins as to the treatment of substituted condensed aromatics. 4 Namely, the electronic effect of a substituent is represented by only one parameter, either a or b which are given by ac=a+a{1, and ax=a+b!3 eX: substituent; C: adjacent carbon). For the electron-repelling,-r,-r substituents, we take a<O or b~O, and for the electron-attracting, a>O or b<O.*** Thus the calculation is carried out as to the following three cases:
(1) The effect is purely inductive and small (the parameter a (lal~1) is adopted), (2) The effect is mesomeric and small (lbl»1), (3) The effect is mesomeric and large (b=O).
The perturbation method is applied in the cases (1) and (2). t 0.4
... . and B. Pullman, Rev. sci. 84, 145 (1946) . Longuet-Higgins attempted to explain the orientation in 2-naphthylamine by calculating the densities of total 11' electrons, taking OIN=OI. He considered that the effect of amino group was approximately the same as that of -CH2 group in the corresponding isoaromatic system. ~~ Here, the substituents which in benzene derivatives are ortkopara-directing are referred to as electron-repelling substituents, and those which are meta-directing, as electron-attracting substituents.
*** The case b=O is omitted for the convenience of calculation. C.683 N .193 . Chern. 31. 269 (1839) . Ber. deut. chem. Ges. 18. 1063 (1885 . " Schultz. Schmidt. and Strasser. Ann. Chern. 207. 352 (1881) . d A. Werner and E. Stiasny. Ber. deut. chern. Ges. 32. 3268 (1899). As to 1-and 2-substituted naphthalenes the results of calculation are shown in Fig. 7 . As can be seen in the figure the frontier electron distributions in the case I b I» 1 coincides exactly with that in the case I a I ~1 if a is taken to be -l/b. The coincidence can be easily proved mathematically for any aromatic hydrocarbon. Thus the two effects, mesomeric and inductive, may be discussed quite indiscriminately if they are small and in the same direction .
In Table III experimental results as to the orientation in substituted naphthalenes are compared with the predictions obtained from Fig. 7 . The agreement is good, when, as for electron-repelling substituents, b is taken to be zero for amino and hydroxyl and to be large for halogen and methyl and when, as for electron-attracting substituents, a as well as b is assumed to be small. The results of similar treatments of other substituted condensed aromatics are tabulated in Table IV , showing a good agreement of the theory with experiment.
NUCLEOPHILIC SUBSTITUTION
The nucleophilic substitution treated here is restricted to the direct replacement of a hydrogen atom with .'100 Fig. 8 together with the experimental results. The calculated frontier electron densitiesttt as to the reactivity in radical substitution in several aromatic and ttt A typical example of the nucleophilic substitution in conjugated systems may be the hydrolysis of aryl halides, which, however, cannot be the object of the present treatment, because in such a reaction the point of attack is originally fixed. Of course it is possible, by means of the frontier electron method, to predict which one of all the possible mono-halogeno-derivatives is most liable to hydrolysis. itt In this calculation the contributions of two unpaired electrons in different two orbitals are assumed to be in equal weight. Compounds 9-CI-anthracene 9-Br-anthracene 9-0H -an thracene 1-0H-anthracene 2-0H-anthracene 9-CI-phenanthrene 9-Br-phenanthrene 9-0H-phenanthrene 2-CI-chrvsene 2-Br-chrysene 3-Br-pyrene 3-NH2-pyrene 12-CI-naphthacene 12-Br-naphthacene 3-CI-peryIene 3-Br-peryIene S. 39, 102 (1943) .
i C. Marschalk and C. Stumm, Bull. soc. chim. France 1948, 418 (1948) .
• Zinke, Funke, and Pongratz, Ber. deut. chern. Ges. 58, 330 (1925) .
heteroaromatic molecules are shown in Fig. 9 together with experimental results. The agreements of theory with experiment are satisfactory, (Similar results are obtainable by means of the localization method 2 and also by computing the free valency number.5 The latter method has been developed by Daudel, Vroelant, and Coulson et al. 5 and most recently examined experimentally by Kooyman and Farenhorst, 6 and Roitt and Waters. 7 It can, however, be pointed out that the free valency method contains an ambiguity in evaluating (4-PHNYL') (2-AND 4-PHENYL') ~ C 1.264 .384
CHLOROBfNZENE (a T -01+1.6 p) . '94 NITROBENZENE ("',-a,-a,. CI+p, CI,.Ci+(lI~) (2-ANO 4-PHENYL t) FIG. 9 . The frontier electron densities for the case of radical substitution.
Literatures cited in Fig. 9: • W. A. Waters, J. Chern. Soc. (London) 1939 , 864 (1939 . b See reference 7. 'Haworth, Heilbron, and Hey, J. Chern. Soc. (London) 1940 ,349 (1940 Chern. Soc. (London) 1934 , 1966 • M. Gomberg and W. E. Bachmann, J. Am. Chern. Soc. 46, 2389 (1924 . f M. Gomberg and J. C. Pernert, J. Am. Chern. Soc. 48, 1372 (1926 . g D. Detar and H. Scheifele, Jr., J. Am. Chern. Soc. 73,1442 (1951 .
